Prions arise from proteins that have two possible conformations: properly folded and non-infectious or misfolded and infectious. The [PSI ؉ ] yeast prion, which is the misfolded and self-propagating form of the translation termination factor eRF3 (Sup35), can be cured of its infectious conformation by overexpression of Hsp104, which helps dissolve the prion seeds. This dissolution depends on the trimming activity of Hsp104, which reduces the size of the prion seeds without increasing their number. To further understand the relationship between trimming and curing, trimming was followed by measuring the loss of GFP-labeled Sup35 foci from both strong and weak [PSI ؉ ] variants; the former variant has more seeds and less soluble Sup35 than the latter. Overexpression of Saccharomyces cerevisiae Hsp104 (Sc-Hsp104) trimmed the weak [PSI ؉ ] variants much faster than the strong variants and cured the weak variants an order of magnitude faster than the strong variants. Overexpression of the fungal Hsp104 homologs from Schizosaccharomyces pombe (Sp-Hsp104) or Candida albicans (Ca-Hsp104) also trimmed and cured the weak variants, but interestingly, it neither trimmed nor cured the strong variants. These results show that, because Sc-Hsp104 has greater trimming activity than either Ca-Hsp104 or Sp-Hsp104, it cures both the weak and strong variants, whereas Ca-Hsp104 and Sp-Hsp104 only cure the weak variants. Therefore, curing by Hsp104 overexpression depends on both the trimming ability of the fungal Hsp104 homolog and the strength of the [PSI ؉ ] variant: the greater the trimming activity of the Hsp104 homolog and the weaker the variant, the greater the curing.
The molecular chaperone, Hsp104, is a hexameric protein belonging to the triple-A ATPase family (1) . Along with its roles in protein folding and conferring thermotolerance, this chaperone is essential for propagation of prions in budding yeast. Prions are infectious proteins that occur in two conformations, a properly folded non-infectious conformation and a misfolded infectious amyloid conformation (2) . Yeast has more than a dozen prions, which pass from mother to daughter cells as prion seeds. The steady-state number of prion seeds is maintained by Hsp104, which severs the seeds; this severing reaction is dependent on the ATPase activity of Hsp104 and involves the presentation of the prion to Hsp104 by the molecular chaperones, Sis1 and Ssa1/Ssa2, followed by threading of the prions through the Hsp104 channel (3) . Yeast prions are cured by inhibiting the ATPase activity of Hsp104; this inhibition can be caused by either overexpressing a dominant-negative Hsp104 mutant or by inactivating Hsp104 with guanidine. Curing is then caused by absence of prion seed severing, in combination with dilution of the seeds by cell division (4 -6) .
Surprisingly, one of the yeast prions, [PSI ϩ ], is not only cured by inactivation of Hsp104 but also by overexpression of Hsp104 (7) . [PSI ϩ ] is the infectious form of Sup35, a protein that functions in translation termination (8, 9) . In [PSI ϩ ] yeast, where most of the Sup35 is in the amyloid form and is therefore inactive, there is read-through of stop codons, which enables [PSI ϩ ] yeast to be readily distinguished from [psi Ϫ ] yeast. A red/white colony assay is the standard method of detecting these two conformations. In this assay, yeast having nonsense mutations in the adenine synthesis pathway are plated on limiting adenine medium. Another method of detecting these two conformations is by fluorescence imaging using GFP-labeled Sup35.
[PSI ϩ ] yeast have distinct fluorescent foci, whereas [psi Ϫ ] yeast show diffuse fluorescence of the GFP-labeled Sup35 (10 -12) .
Using these methods, we previously showed that the curing of [PSI ϩ ] by overexpression of Saccharomyces cerevisiae Hsp104 (Sc-Hsp104) requires a new activity of Hsp104 called trimming (13) . Like severing, trimming reduces the size of the prion seeds. However, unlike severing, trimming, which may occur through removal of Sup35 molecules from the ends of the prion fibers, is not accompanied by an increase in seed number. The dissolution of the prion seeds caused by overexpression of Sc-Hsp104 was shown to require the trimming activity of Hsp104. Mutants of Hsp104 that cannot trim also cannot cure [PSI ϩ ] prion by overexpression (14) . For example, overexpression of the T160M point mutant of Sc-Hsp104 that lacks trimming activity but has severing activity comparable with wildtype Sc-Hsp104 does not cure [PSI ϩ ]. Consistent with our in vivo observations, in vitro evidence for dissolution of the prion seeds by Hsp104 has been obtained by Shorter and Lindquist (15) . Other chaperones and cochaperones such as Hsp70, Sti1, Cpr7, Hsp90, and Sgt2 have been shown to affect curing of [PSI ϩ ] by Hsp104 overexpression, but it is not yet clear whether these chaperones function directly in the dissolution process (16 -20) .
Both the propagation and curing of the [PSI ϩ ] prion are dependent on the structure of Hsp104. The N-terminal domain of Hsp104 is important for curing by Hsp104 overexpression but not for propagating [PSI ϩ ] (21) . Downstream of the N-terminal domain are two ATP-binding domains (NBD 2 domains), and both prion propagation and curing are dependent on the hydrolysis of ATP by these domains (22) . The M-domain, which bridges the two NBD domains, is important for the regulation of Hsp104 function by Ssa1/Ssa2 (23, 24) . Finally, the highly acidic C-terminal domain has been implicated in the interaction of substrate with Hsp104 (25, 26) ; as yet, it is not known how this domain affects curing by Hsp104 overexpression. It has been shown that after its deletion from Hsp104, the resulting truncated fragment no longer assembles into hexamers in vitro and does not confer thermotolerance in vivo (27) . Another factor that affects curing by Hsp104 overexpression is the fungal source of Hsp104. Similar to Sc-Hsp104, overexpression of Hsp104 from Candida albicans (Ca-Hsp104) has been reported to cure [PSI ϩ ] (28), whereas no curing was observed with overexpression of Hsp104 from Schizosaccharomyces pombe (Sp-Hsp104) (29, 30) . Finally, curing by Hsp104 overexpression is dependent on the [PSI ϩ ] variant; weak [PSI ϩ ] variants, which have fewer seeds and a greater soluble pool of Sup35 than strong [PSI ϩ ] variants, are cured at a faster rate by overexpression of Sc-Hsp104 (31) . The prion fibers differ in their physical properties and tertiary structure among the different [PSI ϩ ] variants (32) (33) (34) . Fibers with greater thermostability result in a weaker [PSI ϩ ] variant because they are not fragmented as readily, so they produce fewer prion seeds that provide fewer ends to recruit and deplete soluble Sup35 (35, 36) .
Our model predicts that a change in trimming causes a change in curing by Hsp104 overexpression. This prediction was tested by overexpressing different Hsp104 constructs and examining their ability both to cure different variants of [PSI ϩ ] and to trim the prion seeds. It was previously shown that overexpression of Sc-Hsp104 cures the weak [PSI ϩ ] variants faster than the strong [PSI ϩ ] variants (31), and we now show that Sc-Hsp104 trims the prion seeds of the weak [PSI ϩ ] variants faster than the prion seeds of the strong [PSI ϩ ] variants. Furthermore, we show that, in contrast to overexpression of Sc-Hsp104, overexpression of either Sp-Hsp104 or Ca-Hsp104 both trims and cures the weak [PSI ϩ ] variants, but overexpression of these Hsp104 homologs does not trim or cure the strong [PSI ϩ ] variants. Therefore, Sc-Hsp104 differs from the other fungal Hsp104 homologs in that its greater trimming activity enables it to cure both the strong and weak [PSI ϩ ] variants rather than just the weak [PSI ϩ ] variants. Therefore, the ability of Hsp104 overexpression to cure [PSI ϩ ] correlates with its trimming activity.
Results

Curing of different [PSI ϩ ] variants by overexpression of Sc-Hsp104
We previously showed that overexpression of Hsp104 cures [PSI ϩ ] by a dissolution mechanism involving the trimming of the prion seeds by Hsp104 (14) . Because our data support a mechanism in which trimming is necessary for curing by Hsp104 overexpression, a change in trimming should be accompanied by a change in curing. To test this prediction, we looked at curing of [PSI ϩ ] by overexpression of Hsp104 using different Hsp104 constructs and different [PSI ϩ ] variants. Liebman and co-workers (31) previously established that weak [PSI ϩ ] variants cure faster than strong [PSI ϩ ] variants; they also showed that after overnight overexpression of Hsp104, there was 90% curing of a weak [PSI ϩ ] variant but only 50% curing of a strong [PSI ϩ ] variant. However, because this measurement was done at only a single time point, we extended their observation by determining the curing of different [PSI ϩ ] variants at several time points when Sc-Hsp104 was overexpressed from the GAL1 promoter. Furthermore, to make this study more comprehensive, curing was done in two different background strains (74D-694 and 779-6A), in which yeast either expressed Sup35 or GFP-labeled Sup35 (NGMC) from the Sup35 chromosomal locus. Using the GFP-labeled Sup35 enabled us to image by confocal microscopy the fluorescent changes of the prion as the yeasts were cured. The extent of curing was determined by the red/white colony assay after plating the yeast at 1 ⁄ 2 YPD medium.
The curing curves in Fig. 1A show the percent [PSI ϩ ] remaining versus generation time for the different [PSI ϩ ] variants. As expected, the weaker [PSI ϩ ] variants (L1758, L2888, and 1074[PSI ϩ ] DM ) cured faster than the stronger [PSI ϩ ] variants (L1762, SY80, and 779-6A[PSI ϩ ] DM ). However, we were surprised by how a large difference there was in the rates of curing of the weak and strong [PSI ϩ ] variants. For example, the weak L1758[PSI ϩ ] variant was more than 75% cured in two generations, whereas it took eight times longer to get comparable curing of the strong SY80[PSI ϩ ] variant. This very large difference in the rates of [PSI ϩ ] curing by Sc-Hsp104 overexpression predicts that there should be much faster trimming of the foci in the weak variants than in the strong variants. In our previous study, we defined trimming as the loss of detectable fluorescent foci in cells that are still [PSI ϩ ] (13). The foci then again became prominent in the trimmed cells after stress, whereas in [psi Ϫ ] yeast, there was no change in the diffuse appearance of the GFP-Sup35 after stress (13) .
To test whether there is indeed faster trimming in the weak variants, we compared the rates of trimming of the weak L2888[PSI ϩ ] and the strong SY80[PSI ϩ ] variants; these variants have the same yeast background and express GFP-labeled Sup35. Following induction of Sc-Hsp104 expression with galactose, the cells were imaged and plated hourly for 3 h during which time the yeast had doubled in number. Z-stack confocal fluorescent images were obtained of both non-stressed and stressed cells. This enabled us to differentiate between cells with trimmed foci and cured [psi Ϫ ] cells; trimmed foci reappear after stress, whereas stress has no effect on the cured cells. As expected, both weak and strong [PSI ϩ ] variants showed prominent foci in all cells prior to addition of galactose, while 2 h after galactose addition to induce Hsp104 overexpression, the appearance of the GFP-labeled Sup35 was very different in the weak and strong [PSI ϩ ] variants even though the plating assay showed they were 88 and 100% [PSI ϩ ], respectively. As shown in Fig. 1B , in the weak [PSI ϩ ] variant population, there were many cells with no apparent foci unless the cells were stressed, at which point there was a marked increase in the percent cells with detectable foci. In contrast, the strong [PSI ϩ ] variant cells had prominent foci even in the absence of stress, indicating a lack of trimming. Thus, the weak [PSI ϩ ] variant showed much more trimming than the strong [PSI ϩ ] variant.
The extent of trimming of the prion seeds in the weak and strong [PSI ϩ ] variants during the 3 h of Hsp104 induction was quantified in Table 1 . For each time point, the number of cells with numerous foci and the number of cells with none or almost no foci (Ͻ5 foci) were counted both before stress and after stress. The percentage of trimmed cells was calculated as the difference between the percentage of cells with few foci before stress and the percentage of cells with few foci after stress. Consistent with our prediction, there was much more trimming in the weak [PSI ϩ ] variant than the strong [PSI ϩ ] variant. For example, 50% of the weak [PSI ϩ ] variant cells, but only 10% of the strong [PSI ϩ ] variant cells, were trimmed after 3 h in galactose medium. As expected, the percent of cured [psi Ϫ ] cells as determined from the plating assay was equivalent to the percent of cells with few or no foci after stress. Therefore, not only is curing much faster in the weak than in the strong [PSI ϩ ] variant, but also trimming of the prion seeds is much faster in the weak than in the strong [PSI ϩ ] variant.
Role of the C-terminal domain of Hsp104 in the curing of [PSI ϩ ] by Hsp104 overexpression
We next examined how overexpression of different Hsp104 constructs affected the trimming and curing of the [PSI ϩ ] variants. It was previously shown that the N-terminal domain of Sc-Hsp104 is essential for curing by overexpression (21) , but it has not yet been determined whether the C-terminal domain of Sc-Hsp104 is important for this curing. Specifically, we were interested in whether the acidic C-terminal extension of Hsp104, which is highly conserved among the members of the fungal Hsp104 family, has an essential role in curing by overexpression. Therefore, we made several C-terminal deletions of Sc-Hsp104, the shortest was 7 amino acids long and the longest was 52 amino acids long; the latter causes removal of the entire acidic C-terminal extension (27) .
In Fig. 2 , A-C, the rates of curing of the different weak and strong [PSI ϩ ] variants by overexpression of either the Sc-Hsp104⌬C7 or Sc-Hsp104⌬C24 fragments were compared with curing by overexpression of full-length Sc-Hsp104 (dashed lines). The kinetics of curing by these two truncated fragments was not significantly different from that by the fulllength protein. Therefore, the C-terminal 24 amino acids of Sc-Hsp104 are not required for curing by Hsp104 overexpression nor do they affect the rate of curing by Hsp104 overexpression. As expected, overexpression of these C-terminal truncated Hsp104 fragments caused trimming of the fluorescent foci concomitant with the curing of [PSI ϩ ] (data not shown). ] or the strong SY80 [PSI ϩ ] variants. Images were taken after overnight incubation in raffinose medium (T ϭ 0), 2 h after addition of galactose medium to induce Sc-Hsp104 expression, or 2 h in galactose medium and 1 h in 5 mM guanidine to stress the cells.
Table 1 Trimming of the foci seeds by Hsp104 in strong and weak [PSI ؉ ] variants
The L2888 and SY80 [PSI ϩ ] variants were grown overnight in raffinose medium and at T ϭ 0 were transferred to galactose medium to induce overexpression of Hsp104 from the GAL1 promoter. At the indicated times, cells were fixed either before stress or after stress, and Z-stacks confocal microscopy was used to count foci. More than 300 cells were counted for each time point. The % [psi Ϫ ] cells were determined from the red/white colony assay. The percent trimmed cells were calculated as the difference between cells with Ͻ5 foci before stress and Ͻ5 foci after stress. These results are consistent with the results of Glover and coworkers (27) showing that the C-terminal 22 amino acids of Sc-Hsp104 are not required for Hsp104 to confer thermotolerance in yeast. Deletion of the entire C-terminal acidic extension yielded an Hsp104⌬C52 fragment that, when overexpressed in the presence of endogenous levels of full-length Hsp104, cured all of the different [PSI ϩ ] variants, but with very different kinetics from that of overexpression of full-length Sc-Hsp104. As shown in Fig. 2D , there was a long lag prior to the curing by Hsp104⌬C52, indicating that when this fragment is overexpressed, it is acting as a dominant-negative mutant similar to the Hsp104(KT) mutant (37) . Because a dominant-negative Hsp104 mutant cannot sever the prion seeds, the kinetics show a lag prior to curing because it takes a number of generations to dilute out the seeds by cell division (37) . Consistent with this fragment being a dominant-negative mutant, it does not propagate [PSI ϩ ] when expressed from the HSP104 promoter, whereas the Sc-Hsp104⌬C7 and Sc-Hsp104⌬24 fragments propagate [PSI ϩ ]. This was determined with the use of a shuffle assay (38, 39) in which only yeast having Hsp104 fragments that propagate [PSI ϩ ] are viable on 5-fluoroorotic acid plates without adenine ( Fig. 2E ). The fact that this fragment is acting as a dominantnegative mutant indicates that it must be oligomerizing, which is unexpected based on the in vitro finding from Glover and co-workers (27) that showed oligomer assembly required the C-terminal 38 amino acids of Sc-Hsp104. Oligomerization may occur in vivo as opposed to in vitro because either the fragment is expressed at higher concentrations or the endogenous fulllength Sc-Hsp104 is also present in vivo. In either case, the highly acidic C-terminal region of Sc-Hsp104 is essential for the curing of [PSI ϩ ] by overexpression of Sc-Hsp104.
The next question is whether other Hsp104 constructs also require the C-terminal acidic extension to cure by overexpression, in particular the 444B chimera, which was previously shown to propagate [PSI ϩ ] (3, 24) . The 444B chimera differs from Sc-Hsp104 in that it has the NBD2 and C-terminal domains from ClpB, the Escherichia coli paralog of Hsp104 (3, 24) . Importantly, the C-terminal domain of ClpB is 51 amino acids shorter than the C-terminal domain of Sc-Hsp104, and it does not contain an acidic extension. Following overnight overexpression of 444B from the GAL1 promoter, the curing of the different [PSI ϩ ] variants was assayed by plating the cells on 1 ⁄ 2 YPD medium. The red/white colony assay (Fig. 3A) Based on our model that trimming is required for curing of [PSI ϩ ] by Hsp104 overexpression, 444B would be expected to trim the foci of the weak, but there should be no detectable trimming of the strong [PSI ϩ ] variants. This is confirmed by the fluorescent images shown in Fig. 3C . There is no visible trimming of the fluorescent foci of the strong SY80[PSI ϩ ] variant cells after 15 generations in galactose medium, whereas 70% of the weak L2888[PSI ϩ ] variant cells showed diffuse GFP fluorescence after one generation in galactose medium, at a time when less than 20% of these cells were cured. Furthermore, consistent with trimming, in most cells the fluorescent foci reappeared after stress.
To further examine the effect of the C-terminal domain on the curing of [PSI ϩ ] by Hsp104 overexpression, we measured the time course of curing of the different weak [PSI ϩ ] variants by overexpression of 444B. Interestingly, this overexpression cured all of the weak [PSI ϩ ] variants with a time course similar to that of overexpression of Sc-Hsp104 (compare Fig. 3B with  1A) . Therefore, the C-terminal domain of Sc-Hsp104 is not necessary for curing [PSI ϩ ] by Hsp104 overexpression, although its loss does reduce the trimming activity of Hsp104 so the strong variants are not cured.
Interestingly, comparison of the ClpB and Hsp104 C-terminal domains by two-protein BLAST analysis showed that these domains were 71% homologous and 51% identical. However, there was no homology between the C-terminal 52 amino acids of Sc-Hsp104 and the C-terminal 19 amino acids of ClpB. This observation that the Sc-Hsp104⌬C52 fragment acted as a dominant-negative Hsp104 mutant implied that the 444B⌬C19 would also act as a dominant-negative Hsp104 mutant and indeed this was the case. When the truncated chimera was overexpressed from the GAL1 promoter, it cured all of the different [PSI ϩ ] variants with a long lag prior to curing (Fig. 3D) , indicating that the 444B⌬C19 fragment acts as a dominantnegative mutant, similar to Hsp104-KT. Consistent with this fragment being a dominant-negative mutant, the shuffle assay (Fig. 3E) shows that expression of 444B⌬C19 from the HSP104 promoter does not propagate [PSI ϩ ] unlike the full-length chimera (3, 24) . These results show that among members of the ClpB/Hsp104 protein family, the function of the C-terminal domain is conserved, although not the primary amino acid sequence.
Curing of [PSI ϩ ] by Sp-Hsp104 and Ca-Hsp104 overexpression
Members of the fungal Hsp104 family show a high conservation of primary amino acid sequence. However, overexpression Sp-Hsp104 did not cure [PSI ϩ ] in two studies using a single [PSI ϩ ] variant (29, 40) . Because overexpression of 444B cured weak but not strong [PSI ϩ ] variants, this raised the possibility that Sp-Hsp104 might behave similarly. Therefore, we overexpressed Sp-Hsp104 in many different [PSI ϩ ] variants to determine whether curing occurred. Similar to the results obtained when 444B was overexpressed, overexpression of Sp-Hsp104 from the GAL1 promoter cured the weaker but not the stronger [PSI ϩ ] variants (Fig. 4A) . The rates of curing of the weak L1758 and L2888[PSI ϩ ] variants by overexpression of Sp-Hsp104 was slower than that obtained with 444B, and unlike 444B, it did not cure the 1074 [PSI ϩ ] DM variant.
In contrast to Sp-Hsp104, overexpression of Hsp104 from C. albicans has been reported to cure [PSI ϩ ] (28). However, it is not clear whether overexpression of Ca-Hsp104 would cure the strong [PSI ϩ ] variants that we are using in this study. Therefore, Ca-Hsp104 was overexpressed from the GAL1 promoter, and curing was measured using the same [PSI ϩ ] variants used throughout this study. As shown in Fig. 4B , the curing of different [PSI ϩ ] variants by overexpression of Ca-Hsp104 was very similar to overexpression of Sp-Hsp104; it cured the weaker [PSI ϩ ] variants, but not the stronger [PSI ϩ ] variants and cured the weak variants at a slower rate than the rate obtained with 444B. Therefore, Sp-Hsp104 and Ca-Hsp104 are like 444B in that they do not cure the strong [PSI ϩ ] variants but do cure the weak variants, although somewhat more poorly than 444B.
Because overexpression of Sp-Hsp104 and Ca-Hsp104 cured the weak, but not the strong [PSI ϩ ] variants, our model for curing by overexpression predicts that these fungal Hsp104 homologs should trim the prion seeds of the weak but not the strong [PSI ϩ ] variants. This was confirmed by confocal imaging of the fluorescent foci in yeast overexpressing either Sp-Hsp104 or Ca-Hsp104. As shown in Fig. 4C , there was a marked loss of detectable foci in the weak L2888[PSI ϩ ] yeast expressing either Sp-Hsp104 or Ca-Hsp104 for one generation, a time period when the red/white colony assay showed that the yeast were still more than 90% [PSI ϩ ]. Furthermore, the foci became prominent again in the majority of the cells after stress, showing that the seeds were indeed trimmed by these Hsp104 homologs. In contrast, when the fungal Hsp104 homologs were overexpressed in the strong SY80[PSI ϩ ] yeast, fluorescent foci were visible even after 10 generations (Fig. 4C) , which shows no detectable trimming. Therefore, overexpression of Sp-Hsp104 and Ca-Hsp104 can trim the prion seeds and cure the weak [PSI ϩ ] variants like overexpression of Sc-Hsp104. However, there is neither visiblet trimming of the prion seeds nor curing the strong [PSI ϩ ] variants by overexpression of these fungal Hsp104 homologs unlike overexpression of Sc-Hsp104.
Effect of decrease trimming activity on growth of strong [PSI ϩ ] variants
A reduction in the trimming activity of Hsp104 leads to a decrease in the soluble pool of Sup35, which may impact the growth of yeast if the soluble pool becomes limiting because Sup35 is an essential protein. In fact, this was the case when 444B was overexpressed in the strong [PSI ϩ ] variants. The growth rate was reduced by ϳ50% in the L1762[PSI ϩ ] and 779-6A[PSI ϩ ] DM variants overexpressing 444B compared with [psi Ϫ ] yeast overexpressing 444B or the [PSI ϩ ] vector control (Fig. 5, A and B) . The slow growth was due to a reduction in the free Sup35 pool because the growth defect was rescued by expression of the soluble C-terminal domain of Sup35, the domain responsible for the translation termination activity of Sup35 (Fig. 5C ). Evidently, overexpression of 444B, even in yeast expressing endogenous levels of Sc-Hsp104, causes the soluble pool of Sup35 to become a limiting factor for growth.
In general, overexpression of these fungal Hsp104 homologs had less effect on the growth of the strong [PSI ϩ ] variants than 444B even though they had reduced trimming activity in comparison with Sc-Hsp104. After overnight induction of Sp-Hsp104 expression, the 779-6A[PSI ϩ ] DM variant showed a reduction in growth rate, which was rescued by expressing the C-terminal Sup35 fragment (Fig. 5D ). However, there was no significant growth defect from overexpressing Sp-Hsp104 in the L1762[PSI ϩ ] variant (Fig. 5E) . Similarly, no significant growth defect was observed in yeast overexpressing Ca-Hsp104 in either the L1762[PSI ϩ ] or the 779-6A[PSI ϩ ] DM variant (Fig.  5F ). Therefore, 444B causes a greater reduction in the free Sup35 pool than these fungal Hsp104 homologs. This could be due to a difference in the extent of trimming and/or interactions of Hsp104 with other chaperones altering the free Sup35 pool.
Trimming of the prion seeds by low levels of Sc-Hsp104
Our results show that curing of [PSI ϩ ] by Hsp104 overexpression is dependent on both the [PSI ϩ ] variant and the source of the fungal Hsp104 homolog. Specifically, Sc-Hsp104 has greater trimming activity than Sp-Hsp104 and Ca-Hsp104, and therefore, unlike these Hsp104 homologs, its overexpression can cure the strong [PSI ϩ ] variants. The question then arises as to whether a lower level of Sc-Hsp104 would act like overexpression of Sp-Hsp104 and Ca-Hsp104 in that it would neither trim nor cure the strong [PSI ϩ ] variants. To achieve low levels of Hsp104 overexpression, we used the TET-ON promoter, which induces about 3-fold overexpression of Sc-Hsp104, compared with the GAL1 promoter, which induces 10 -20-fold overexpression (14) . This relatively low level of Hsp104 overexpression was previously shown to trim the prion seeds and cures the relatively weak 1074 [PSI ϩ ] variant (14) , as well as the weak L2888[PSI ϩ ] variant (Fig. 6, A and B) .
Unlike the weak L2888 [PSI ϩ ] variants, the strong SY80 [PSI ϩ ] variant does not show significant curing by overexpression of low levels of Sc-Hsp104. Even overexpressing low levels of Hsp104 for 12 generations, the yeast were still 95% [PSI ϩ ] based on the plating assay ( Fig. 6B ). Given these results, we expected little or no trimming of the foci, but surprisingly, roughly half of the cells either had fine foci or no foci, whereas in the other half of the population, the foci were clearly evident. This heterogeneity in yeast was detected after four generations of Hsp104 induction and persisted even after 10 generations of Hsp104 overexpression. Consistent with the lack of curing, prominent foci were visible once the cells were stressed (Fig.  6A ). It is not clear why only approximately half of the cells showed trimming, but one possibility is that the level of Hsp104 overexpression differs in different cells, perhaps due to the variation in the number of centromeric plasmids expressing Hsp104 per cell (41) . Interestingly, the fact that there was no curing even though there was trimming suggests that trimming is a reversible reaction. If trimming were an irreversible reaction, all of the cells would have cured over time because the slow trimming of the seeds would constantly decrease the size of the seeds. Therefore, in addition to Sup35 monomers being trimmed from the prion seeds, there must also be rebinding of the soluble Sup35 in the cytosol to the seeds. This, in turn, means that the trimming does not go to completion, resulting in the lack of curing of the [PSI ϩ ] prion.
Discussion
To extend our understanding of the mechanism of [PSI ϩ ] curing by Hsp104 overexpression, we examined the ability of different Hsp104 homologs at varying levels of overexpression to cure a wide range of [PSI ϩ ] variants. In our previous study (14) , we found no significant difference in the fraction of cured mother and daughter cells when [PSI ϩ ] was partially cured by Hsp104 overexpression. These results do not fit with a model in which curing is caused by asymmetric segregation, as was recently proposed by Tuite and co-workers (42), based on their measurement of the number of prion seeds in mother and daughter cells. They found a subpopulation of cells had an unequal distribution of seeds between mother and daughter cells. However, this will not lead to a marked increase in the fraction of cured daughter cells because even a cell that is left with only one seed will remain [PSI ϩ ]. Instead, we observed that curing of [PSI ϩ ] by Hsp104 overexpression was dependent on the trimming of the prion seeds by Hsp104, which decreased the size of the seeds without changing their number. Specifically, we found that Hsp104 mutants that did not trim the foci, such as the Hsp104(T160M) mutant, did not cure [PSI ϩ ] when overexpressed (14) . Consistent with these results, in vitro studies of Shorter and co-workers (43) showed that low concentrations of Hsp104 caused fragmentation of the amyloid Sup35 fibers, which in turn generated new prion seeds. In contrast, high concentrations of Hsp104 caused dissolution of the fibers into noninfectious aggregates and soluble protein (15, 43) . Interestingly, unlike full-length Hsp104, a high concentration of an N-terminal Hsp104 deletion mutant, a mutant that does not cure [PSI ϩ ] when overexpressed (21) , caused only fragmentation and not dissolution of the Sup35 fibers. These results are consistent with fragmentation and dissolution being the in vitro analogs of severing and trimming, respectively.
We first examined the curing of [PSI ϩ ] by Hsp104 overexpression in different [PSI ϩ ] variants. Overexpression of Sc-Hsp104 cured weak [PSI ϩ ] variants faster than strong [PSI ϩ ] variants, as was shown previously (31) . [PSI ϩ ] variants differ in their biophysical properties such as thermal stability, indicating that the variants have different conformations (32) . This has been confirmed by structural studies showing that the [PSI ϩ ] variants differ in the location of the turns between the ␤-strands in their amyloid core (33, 34) . Because strong [PSI ϩ ] variants cure more slowly than weak [PSI ϩ ] variants, this suggests that the conformational differences between the weak and strong variants not only affect the severing but also the trimming activity of Hsp104; an increased rate of trimming of the weak variants would be expected based on their faster curing by Hsp104 overexpression. This was in fact the case. Consistent with the difference in the rates of curing between the weak and strong [PSI ϩ ] variants by Hsp104 overexpression, Hsp104 trimmed the fluorescent foci of the weak [PSI ϩ ] variants faster than foci of the strong [PSI ϩ ] variants. 2 h after induction of Hsp104 overexpression by galactose, a time when the yeast were still mostly [PSI ϩ ], about one-fifth of the yeast had trimmed foci in the weak [PSI ϩ ] variant, while it took 8 h before a comparable percentage of trimming occurred in the strong [PSI ϩ ] variant. The observation that there is faster trimming of the foci in the weak than in the strong [PSI ϩ ] variant may be due to variantdependent binding of Hsp104 to the ends of the fibers. In fact, Lindquist and co-workers (44) found at least two classes of binding sites for Hsp104 on amyloid fibers composed of the NM-domains of Sup35. One of the binding sites is dependent on the strength of the [PSI ϩ ] variant with weak variants containing a greater fraction of such sites. Another possibility is soluble Sup35 binds with greater affinity to fibers in the strong than in the weak conformation.
A second line of evidence that Hsp104 overexpression trims the seeds of the weak [PSI ϩ ] variants faster than the strong [PSI ϩ ] variants comes from data showing that the fluorescent foci of the weak [PSI ϩ ] variants are trimmed at lower levels of Hsp104 overexpression than the foci of the strong [PSI ϩ ] variant. Specifically, the weak [PSI ϩ ] variant showed trimming of all of its prion seeds, followed by [PSI ϩ ] curing when Sc-Hsp104 was overexpressed only ϳ3-fold from the TET-ON promoter (14) . In marked contrast, at these low levels of Sc-Hsp104 overexpression, the fluorescent foci showed a varied appearance in the strong [PSI ϩ ] variant. In about half of the population, the foci remained prominent as if no trimming occurred, whereas in the rest of the population the foci were barely detectable above the background fluorescence. As discussed under "Results," this heterogeneity is probably due to a variable number (1-3) of centromeric plasmids per cell (41) . Interestingly, even cells with barely detectable foci failed to cure over a long time, which suggests that trimming is a reversible reaction. Not only is Sup35 dissociating from the foci, but there must also be rebinding of Sup35 from the soluble pool. Otherwise, the strong [PSI ϩ ] variants would slowly cure over time as the seeds were completely trimmed by Hsp104. The reversibility of trimming is also shown by the observation that the trimmed foci become prominent when the cells are stressed. Again, this must be due to Sup35 monomers rebinding to as well as dissociating from the prion seeds. Therefore, when trimming was not detected when 444B, Sp-Hsp104, and Ca-Hsp104 were overexpressed in the strong [PSI ϩ ] variants, there could still be dissociation of monomers from the fiber ends, but the rebinding occurs at a comparable rate as the rate of dissociation.
A third line of evidence that, like curing, the trimming activity of Hsp104 is dependent on the [PSI ϩ ] variant comes from overexpression of different Hsp104 constructs. Our data show that the 444B chimera retains its trimming activity even though it lacks a C-terminal acidic extension, a highly conserved region of the Hsp104 fungal homologs that is important for oligomer assembly (27) . Overexpression of 444B trimmed the foci of the weak [PSI ϩ ] variants, and this trimming was followed by [PSI ϩ ] curing with a similar time course as occurred when full-length Sc-Hsp104 was overexpressed. Therefore, the C-terminal acidic extension is not necessary for the trimming or curing of the weak [PSI ϩ ] variants. However, the strong [PSI ϩ ] variant showed no net trimming of the foci and no curing when 444B was overexpressed. Similarly, although overexpression of the fungal Hsp104 homologs from S. pombe and C. albicans both trimmed the foci of the weak [PSI ϩ ] variants and cured these variants, there was no net trimming of the foci or curing of the strong [PSI ϩ ] variants. Importantly, prior to this study, the curing of [PSI ϩ ] by the Hsp104 homologs was considered an all or none process (28 -30) , i.e. overexpression of Sc-Hsp104 and Ca-Hsp104 was considered to cure all of the [PSI ϩ ] variants, whereas overexpression of Sp-Hsp104 did not cure any of the [PSI ϩ ] variants. However, we have now established that Ca-Hsp104 and Sp-Hsp104 cure the weak but not the strong [PSI ϩ ] variants. There is the question of whether the GAL1 promoter is expressing sufficient levels of these fungal Hsp104 homologs and 444B. Importantly, curing is not the only phenotype that we observed; both 444B and Sp-Hsp104 produced a slow growth phenotype when overexpressed in strong [PSI ϩ ] variants, which shows sufficient expression levels to produce a phenotype. However, we did not observe a phenotype with Ca-Hsp104 overexpression in strong [PSI ϩ ] variants, but it seems highly unlikely that it is not expressed from the GAL1 promoter at comparable levels to the other Hsp104 paralogs because these fungal Hsp104 proteins all show high homology.
Although the curing of [PSI ϩ ] by Hsp104 overexpression is dependent on the trimming activity of Hsp104, other factors play a role in curing by overexpression. For example, it has been shown that the curing of [PSI ϩ ] by Hsp104 overexpression is also dependent on the Hsp90 chaperone and the Sti1 cochaperone (18, 19) , but the function of these proteins in the curing process has yet to be determined. It is interesting that the [PSI ϩ ] prion is the only yeast prion that is cured by Hsp104 overexpression. Because Sup35 is an essential protein, the ability of Hsp104 to trim the [PSI ϩ ] prion seeds may have evolved to maintain a sufficient pool of soluble Sup35, i.e. as different [PSI ϩ ] variants are propagated, the steady-state number of seeds and the free pool of Sup35 is maintained in the cell by the severing and trimming activities of Hsp104. In fact, when trimming was markedly reduced, as occurred when 444B was overexpressed in the strong [PSI ϩ ] variants, a slow growth defect was obtained due to a lack of soluble Sup35 protein. The fact that a low level of Hsp104 overexpression is sufficient to cure the weak [PSI ϩ ] variants raises the possibility that when very weak [PSI ϩ ] variants spontaneously arise, they are cured by the endogenous level of Hsp104. In contrast, very strong [PSI ϩ ] variants have been shown to be suicidal due to the lack of a free Sup35 pool (45) . Therefore, there may only be a narrow window of [PSI ϩ ] variants between weak and strong variants that are mitotically stable in yeast, which, in turn, may explain the extremely low incidence of [PSI ϩ ] in wild yeast isolates (46) .
Experimental procedures
Yeast strains
The yeast strains were either derivatives of 779-6A (MATa, kar1-1, SUQ5, ade2-1, his3⌬202, leu2⌬1, trp1⌬63, ura3-52) or the 74D-694 (MATa ade1-14 , trp1-289 his3-⌬200 ura3-52 leu2 -3,112) . Yeast expressing the GFP-labeled version of Sup35 (NGMC) instead of the wild-type Sup protein (NMC) was integrated into the genomic locus of these two strains. The following yeast expressed NGMC instead of NMC: 1074 yeast was derived from the 779-6A background strain (13); L2888 and SY80 were derived from the 74D-696 strains (47, 48) . The 1509 yeast strain was derived from the 1074 by integrating 444B into the chromosomal HSP104 locus. Yeast strain 1408, derived from 779-6A, contains a deletion of the HSP104 gene (39) . This strain carries the pJ312 plasmid, which encodes Sc-Hsp104 under the control of the S. cerevisiae HSP104 promoter on a URA3-based centromeric plasmid.
Prions
All yeast strains were [PIN ϩ ]. The different [PSI ϩ ] variants in the 74D-694 yeast background were as follows: L1758, L2888, L1762, and SY80 (47) (48) (49) . The [PSI ϩ ] DM prion present in the 779-6A background was maintained in the 1074 and 1509 yeast (50) .
Plasmids
A pRS315 centromeric plasmid was used to express the fulllength Sc-Hsp104 and Sc-Hsp104 fragments from the GAL1 promoter. The GAL1 promoter was used to overexpress 444B, SpHsp104, and Ca Hsp104 using the following vectors: pMR180 for 444B (24); a pRS415 vector for SpHsp104 (29) ; and a pRS314 vector for Ca-Hsp104. Plasmid pMR117 and pMR170 was used to express Sc-Hsp104 and Sp-Hsp104 from the S. cerevisiae HSP104 promoter, respectively (29) . The TET-ON promoter was used to express relatively low levels of Sc-Hsp104 (14) . The C terminus of Sup35 was expressed from a centromeric plasmid (pRPM02) under the control of the TET-OFF promoter (45) . For the shuffle experiments, we used plasmid pMR117 encoding Sc-HSP104 (39), pMR122 encoding 444B (39), or the indicated engineered fragments. The latter proteins were expressed from the Sc-HSP104 promoter on a centromeric plasmid. All truncations were made using the Quik-Change Lightning Site-directed Mutagenesis kit (Agilent) and then sequenced (Macrogen).
Measuring the rate of [PSI ϩ ] curing
Our strains use the white/red and adenine-independent/dependent phenotypes to monitor [PSI ϩ ]. The nonsense mutation in either the ade2-1 or ade1-14 allows for growth in the absence of adenine and confers white/pink colony color on media containing a limiting concentration of adenine. The [psi Ϫ ] cells are adenine auxotrophs and appear red on limiting adenine. Curing by overexpression of Hsp104 was done by growing the yeast overnight in raffinose medium prior to addition of galactose medium as described previously (14) Yeast growth was monitored by the absorbance at 600 nm and the plated on 1 ⁄ 2 YPD. Colonies that had any white were scored as
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